In this article, mixed convection fl ow in a two
INTRODUCTION
Many fl uids traditionally used for heat transfer (e.g., water and mineral oils) have rather low thermal conductivities. Considering the ever-increasing demand for fl uids with superior heat transfer performance, fl uids with nano-scale conductive particles have become the subject of intense research among academics within the last two decades. Choi (1995) , who suggested such fl uids for the fi rst time in the mid-1990s, referred to them as nanofl uids, and a large number of studies involving analytical, numerical, and experimental evidence have been published ever since. Masuda et al. (1993) reported a 20% increase in the effective thermal conductivity of ethylene glycol as a result of adding just 0.3% volume fraction suspended nanoparticles. Nanofl uids containing ceramic oxides in water have also been shown to enhance thermal conductivity (Lee et al., 1999) where Al 2 O 3 nanoparticles with a mean diameter of 13 nm at 4.3% volume fraction increased thermal conductivity by 30% compared to water.
Other researchers have studied shape, size, and thermal properties of the solid particles in nanofl uids and investigated their infl uence on thermal conductivity (Xuan and Li, 2000) . As regards the size, small particles have been shown to enhance heat transfer capability and stability (Hwang et al., 2007) as compared with larger particles. A cavity fi lled with nanofl uid has also been studied by several researchers due to their applications. Hwang et al. (2007) developed a numerical model to evaluate natural convection heat transfer in a rectangular cavity heated from below using Al 2 O 3 nanofl uid. They utilized various models to obtain the effective thermal conductivity and viscosity. Their results indicated that base fl uid is more unstable than Al 2 O 3 nanofl uids in a rectangular cavity. Also, stability increases when the volume fraction (φ) of nanofl uid increases, or nanoparticle size decreases, or the average temperature of nanofl uids increases. Using water-TiO 2 nanofl uid, Wen and Ding (2006) in another study showed that for Rayleigh numbers (Ra) less than 10 6 , increasing nanoparticle concentration reduced the natural convection heat transfer rate at a particular Ra. Numerical simulation of natural convection in a cavity fi lled with nanofl uid has also been examined by Khanafer et al. (2003) , where nanofl uid in the cavity was considered to be in single phase. The impact of nanoparticle concentration on the buoyancy-driven heat transfer process was discussed. Consequently, at any given Grashof number (Gr), the heat transfer rate increases as φ is increased. Mixed convection fl ows (i.e., combination of both natural and forced convection) is a complex phenomenon because of the interaction of buoyancy and shear forces and occurs in industrial applications such as cooling of electronic devices, food processing, crystal growth, lubrication technologies, drying technologies, and chemical processing equipment (Basak et al., 2009; Guo and Sharif, 2004; Quertatani et al., 2009) . Mixed convection in a square ventilation cavity subjected to a nanofl uid at different values of Ri was studied numerically by Shahie et al. (2010) , who reported the impact of the presence of nanoparticles on the hydrodynamic and thermal characteristics of fl ow. Recently, lid-driven cavity has attracted a great deal of attention owing to their extensive industrial applications. Mohammad and Viskanta (1992) studied the impact of a sliding wall on fl uid fl ow and thermal properties in a shallow lid-driven cavity and found that the highest local heat transfer rate occurred at the initial area of the lid and decreased along the lid in the direction of the fl uid fl ow. Zhang (2003) similarly examined the numerical simulation of a two-dimensional lid-driven square cavity and compared his own results with those of previous research.
Very little research has studied mixed convection with a lid-driven cavity. Tiwari and Das (2007) investigated numerically heat transfer enhancement in a lid-driven square cavity fi lled with a nanofl uid. On the basis of the movement of the walls in different directions, they supposed three cases to study the effect of wall movements on the fl uid fl ow and heat transfer in the cavity. The assisting and opposing mechanisms of mixed convection in a lid-driven cavity with moving vertical wall are being highlighted by Aydin (1999) , who defi ned three fl ow regimes as (1) forced convection (Ri < 0.1), (2) mixed convection (0.1 < Ri < 10), and (3) natural convection (Ri > 10). Muthtamilselvan et al. (2009) also made a numerical investigation of the mixed convection in a lid-driven cavity and used copper-water nanofl uid for different aspect ratios. Moallemi and Jang (1992) investigated the impact of the Prandtl number (Pr) on the heat transfer improvement on a bottom-heated cavity and found that the impact of buoyancy was more signifi cant for high values of Pr. They proposed a correlation for the average Nusselt number (Nu) with Pr, Re, and Ri numbers. Ji et al. (2007) carried out numerical and experimental studies on transient mixed convection and indicated that the temperature fi eld showed a weak oscillatory trend at the initial, middle, and upper parts of the cavity. Prasad and Das (2007) , in another work, examined different cases of moving walls maintained at different temperatures.
As can be seen in the preceding studies, often a cavity is studied in a horizontal position, whereas in practical industrial design applications, it is necessary to take into account the inclination of a cavity as the resulting lid-driven shear may assist or oppose buoyancy. Also, most existing studies where cavity inclination is considered have used base fl uids and not nanofl uids. Another point worthy of attention is that, in almost all studies presented so far on double lid-driven cavities, the movements of opposite walls are considered, while in engineering applications, movement of adjacent walls is also important. To meet some of these challenges, in this study, numerical analysis of mixed convective fl ow in a square double lid-driven cavity with moving adjacent walls is carried out, where the boundary conditions include a cooled right moving wall, with a heating fi xed left wall, while the other walls are insulated. The results obtained are presented in streamline, temperature fi eld format, obviously different from those of a horizontal cavity position. It must be noted that in continuance of the present study, the effect of a nanofl uid with variable properties, the effect of an external magnetic and electric fi eld, and unsteady phenomena will be considered and investigated.
MATHEMATICAL MODELING
A schematic of the double lid-driven cavity considered in the present study is shown in Fig. 1 with the boundary conditions and coordinates as indicated. The fl uid in the cavity is water-based nanofl uid containing copper nanoparticles that are assumed to be uniform in shape with equivalent diameter of 90 nm. As can be seen, the bottom and top walls are insulated, while the left and right walls are maintained at hot and cold temperatures, respectively. The top and left walls move with uniform velocity (u 0 ) and gravity acts vertically downward. Nanofl uid is assumed Newtonian, with the fl ow being laminar and incompressible. Furthermore, base fl uid and nanoparticles are assumed to be in thermal equilibrium with no slip between them. The thermophysical properties of the nanofl uid are assumed constant, except for a variation of the density, which is approximated by the Boussinesq model, and those of Cu nanoparticles (90 nm) and water as base fl uid are also presented in Table 1 .
The governing equations for a steady, two-dimensional laminar and incompressible fl ow are expressed as follows:
FIG. 1: Schematic of the double lid-driven cavity considered in the present study Mixed Convection Heat Transfer in a Double Lid-Driven Inclined Square Enclosure
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The dimensionless parameters may be presented as follows:
Hence 3 0 2 Re , , , Pr Pr . Re
The dimensionless forms of the preceding governing equations (1)- (4) 
Thermal diffusivity and effective density of the nanofl uid are, respectively, 1.67·10
(1 )
Heat capacity and thermal expansion coeffi cient of the nanofl uid are therefore, respectively,
The effective viscosity of nanofl uid was proposed by Brinkman (1952) as follows:
2.5
The effective thermal conductivity of the nanofl uid is calculated by the Maxwell model (Maxwell, 1904) :
The Nusselt number can be calculated as follows:
where the heat transfer coeffi cient h is defi ned as
and the thermal conductivity may be expressed as
By substituting Eqs. (18) and (19) into Eq. (17), the Nusselt number for the left hot wall can be written as
The average Nusselt number calculated over the hot surface by Eq. (18) becomes
The boundary conditions as set out earlier may be mathematically presented as
Right wall:
Top wall:
NUMERICAL METHOD
Governing equations for continuity, momentum, and energy equations associated with the boundary conditions in this study were calculated numerically based on the finite volume method and associated staggered grid system, using FORTRAN computer code. The SIMPLE algorithm is used to solve the coupled system of governing equations. The convection terms are approximated by a combination of the central difference scheme and the upwind scheme (hybrid scheme), which is conducive to a stable solution. Furthermore, a second-order central differencing scheme is utilized for the diffusion terms (Patankar, 1980) . The algebraic system resulting from numerical discretization was calculated using the tridiagonal matrix algorithm applied in a line going through all volumes in the computational domain. The solution procedure is iterated until the following convergence criterion is satisfi ed:
Here M and N correspond to the number of grid points in the x and y directions, respectively, and λ denotes any scalar transport quantity. To verify grid independence, numerical procedure was carried out for nine different mesh sizes, namely, 21 × 21, 31 × 31, 41 × 41, 51 × 51, 61 × 61, 71 × 71, 81 × 81, 91 × 91, and 101 × 101. Average Nu of the bottom hot wall is obtained for each grid size, as shown in Table 2 . As can be observed, an 81 × 81 uniform grid size yields the required accuracy and was hence applied for all simulation exercises in this work, as presented in the following section. The proposed numerical scheme was validated using the numerical results published by other researchers (Shahie et al., 2010; Fusegi et al., 1991; Ha and Jung, 2000) for a top heated moving lid and bottom cooled square cavity fi lled with air (Pr = 0.71). Applying the 81× 81 uniform mesh size, computations were carried out for 15 different Re and Gr combinations. Comparisons of average Nu at the hot lid are presented in Table 3 , where an excellent agreement is confi rmed, ensuring the validation. To ensure that the accuracy of the code is fi nalized, the results were compared with another study carried out by Abu-Nada and Chamkha (2010) in nanofl uid, as shown in Fig. 2. 
DISCUSSION
The Richardson number, Ri = Gr/Re 2 , is the main parameter in mixed convection, providing a measure of importance for buoyancy-driven natural convection relative to the lid-driven forced convection. The effects of Ri, φ, and the enclosure inclina-tion angle (γ) on the fl ow and temperature fi elds are investigated here. To obtain the required Ri, at fi xed Gr = 10 4 , Re is varied by changing the lid velocity u 0 . Therefore, in this study, parameters studied include Ri ranging from 0.001 to 10, the velocity ratio ranging from 0.1 to 2.0, the cavity inclination angle γ ranging from 0º to 90º, and φ ranging from 0 to 0.1 at Gr = 10 4 and d p = 90 nm.
Figures 3-6 present streamline and isotherm counters on the left and right columns, respectively, for various values of Ri and γ at φ = 0% (solid line) and φ = 8% (dashed line). As can be seen, as Ri increases, buoyancy-driven natural convection becomes more signifi cant relative to the lid-driven forced convection. For lower Ri of about 0.001, in Figs. 3a, 4a , 5a, and 6a, the impact of the lid-driven fl ow dominates that of natural convection. In fact, streamline behaviors in the two-dimensional double liddriven cavity discussed here could be characterized by a primary recirculating cell occupying most of the cavity generated by the moving lids and two secondary eddies near the left hot wall corners, with the one near the bottom corner being bigger and stronger than that in the top corner of the cavity. The isotherms are also clustered heavily near the left surface of the cavity, indicating steep temperature gradients in the horizontal direction in this region. In the remaining area of the cavity, the temperature gradients are weak, and this implies that the temperature differences are very small in the interior region of the cavity due to the vigorous effects of the mechanically driven circulations. It is interesting to note that, in this study, as the cavity inclination increases, little change occurs in the fl ow and isotherm patterns. Furthermore, various values of φ for the nanofl uid do not seem to have a considerable effect on the fl ow patterns, perhaps because of the signifi cance of the buoyancy effect. For instance, increasing φ from zero to 8% generates a negligible decrease in Ψ max (i.e., from 0.1233 to 0.1134), which indicates that the presence of nanoparticles in such a range of φ causes the fl uid to move slightly slower in the enclosure. However, changes in the temperature distribution as indicated in the isotherm contour plots are fairly signifi cant compared to the case of pure water, indicating the signifi cant improvement achieved in heat transfer (about 19.5% in the horizontal position) within the enclosure due to the presence of nanoparticles (φ = 8%) in the base fl uid. Figures 3b, 4b , 5b, and 6b present the streamlines and isotherms at Ri = 1 for φ = 0% and φ = 8% at inclination angle of 0º, 30º, 60º, and 90º, respectively. As expected at Ri = 1, these fi gures confi rm that the buoyancy effect due to temperature gradient is comparable to shear effects due to a sliding lid. Increasing Ri from 0.001 to 1.0 has caused the disappearance of the two secondary eddies on the left corners of the cavity at all inclination angles, except γ = 90º, where one eddy reappears, be it weaker. At γ = 90º, the appearance of a secondary eddy at the bottom left corner could be contributed to opposing effects of buoyancy and shear forces, leading to reduced heat transfer within the cavity.
The streamlines fl ow primarily clockwise, circulating in a cell formed by the movement of the lid, which generally occupies the whole cavity space. The main cell core moves upward to the left top corner. The isotherms, however, spread out from the hot left wall, indicating moderate temperature gradients in the horizontal direction. Conversely, increasing γ to 90º causes Ψ max to increase by about 8% without making any signifi cant change in the patterns of the isotherm contours. Also, addition of nanoparticles (φ = 0.08) has produced small variations on the fl ow pattern, while it augments the fl ow intensity as Ψ max increases from 0.1553 to 0.1585.
Increasing Ri to 10 indicates increased buoyancy force or natural convection within the cavity, as shown in Figs. 3c, 4c, 5c , and 6c for various values of γ, as indicated earlier. Streamlines do not seem to have altered due to the increase in Ri. However, for γ = 90º, drastic change takes place in streamlines for pure fl uid, where another anticlockwise weaker cell is produced (see Fig. 6c ) at the lower left corner.
It is interesting to note that for this inclination, the nanofl uid fl ow pattern did not produce any secondary cell or any signifi cant change with respect to other inclination angles. This vivid difference might be due to nanofl uid helping in minimizing the natural convection effect. Compared to pure fl uid, Ψ max also shows an increase of 39% for nanofl uid (from 0.1429 to 0.1987).
There is also a remarkable change in the isotherm pattern in the presence of nanoparticles (φ = 0.08) for γ = 90º compared to pure fl uid. It is worth noting that, in this case, the presence of nanofl uid improved heat transfer by about 36% compared to the base fl uid, which is the highest improvement among all cases considered in this study.
In this case (Ri = 10), the isotherms spread further toward the right side, showing much more distortion than the isotherms corresponding to Ri = 1. Similar to the case of Ri = 1, except Fig. 6c , inclining the enclosure results in fl ow retardation and decreased temperature gradients along the left hot wall of the enclosure.
Variation of the local Nusselt number along the hot wall is plotted in Fig. 7 for all Richardson numbers. The effect of the presence of nanoparticles on the heat transfer process is clearly discernible in these plots. It is obvious that the Nusselt number at the hot lid starts with a small value at the bottom point and increases gradually to a high value toward the top point and then suddenly decreases.
In Fig. 7a , which is about variation of local Nusselt number at Ri = 0.001, it is observed that local Nusselt number increases from down to the top of the wall initially and then decreases severely. This decrease is because of the existence of two vortices in lower and upper corners of the hot wall. In Fig. 7b , Ri = 1, and Fig. 7c , the highest Richardson number considered, the local Nusselt number in the lower portion of the hot wall has a medium and a high value, respectively. As can be seen in Fig. 3 at Ri = 10, the buoyancy force is stronger than the shear force, and only a primary eddy is observed in the cavity. Therefore, by movement of the upward fl uid along the hot wall and an increase in its temperature, the local Nusselt number increases. From the viewpoint of the use of the nanofl uid, it can be seen from the fi gure that for all considered cases by an increase in the volume fraction of nanoparticles, the local Nusselt number increases signifi cantly.
The effect of solid concentration on the variation of the average Nusselt number at the left hot wall is shown in Fig. 8 . It is observed that for a given Richardson number, the average Nusselt number increases with an increase in solid concentration. This arises from the fact that physical properties of nanofl uid change with volume fraction results in better heat transfer. It can be seen that the increase in solid concentration has more effect on the average Nusselt number at higher Ri, so that by increasing solid concentration up to 8%, the average Nusselt number increases by about 19.7% for Ri = 0.001, about 12.6% for Ri = 10, and about 9.2% for Ri = 10 with a horizontal position of the cavity. This is due to the fact that the conduction mode has more effect at lower Richardson number. So the increase in solid concentration, which enhances the effective thermal conductivity, plays a more effective role in lower Richardson number. It is obvious from these fi gures that an increase in cavity inclination angle causes a decrease in Nusselt number. Also, the increase in cavity inclination angles is more signifi cant on the average Nusselt number at higher Ri, so that the decreases in Nu m for 0.02 solid concentration are approximately 29.9% for Ri = 10 and 6.6% for Ri = 1, while for Ri = 0.001, it is less than 1%. Figure 9 presents the typical x-component of velocity U at the vertical mid-plane of the enclosure, and the y-component of velocity V at the horizontal mid-plane of the enclosure for various values of the enclosure inclination angles for pure water (φ = 0%) and nanofl uid with φ = 8% at Ri = 10. It is observed from Fig. 9a that the x-component of velocity U decreases in the bottom part of the enclosure, whereas it increases in the upper part of the enclosure as the inclination angle increases. Conversely, as the inclination angle increases, the y-component of velocity V increases in the left part of the enclosure, whereas it decreases in the right part of the enclosure. In Fig. 9b (pure fl uid), U and V behave exactly the same as in Fig. 8b , except for γ = 90.
CONCLUSIONS
In this investigation, results of numerical simulation of mixed convection heat transfer of the Cu-water nanofl uid in double lid-driven inclined cavities are discussed. The fi nite volume method was employed for the solution of the present problem. Effect of parameters such as Ri number, solid concentration, and inclination angle of the cavity on the fl ow and temperature fi elds, as well as the heat transfer enhancement, are studied. Graphical and tabular results for various parametric conditions were presented and discussed. From this investigation, we can write the following conclusions:
1. This study was validated by a comparison with previously published work on special cases of the problem, and an excellent agreement was obtained.
2. The results demonstrated that for a particular Richardson number and Re, the increase in the solid volume fraction augments the heat transfer rate of the enclosure. The effect of solid volume fraction on heat transfer decreases by increasing the Richardson number.
3. Increase in solid concentration plays a more signifi cant role in heat transfer with lower Richardson number.
4. For a given Ri, Re, and φ, increasing the cavity inclination angle leads to a decrease in heat transfer, mildly. Also, the increase in cavity inclination angle has a more effective role in heat transfer at higher Ri.
